Electroconvulsive therapy (ECT) at conventional current amplitudes (800-900 mA) is highly effective but carries the risk of cognitive side effects. Lowering and individualizing the current amplitude may reduce side effects by virtue of a less intense and more focal electric field exposure in the brain, but this aspect of ECT dosing is largely unexplored. Magnetic seizure therapy (MST) induces a weaker and more focal electric field than ECT; however, the pulse amplitude is not individualized and the minimum amplitude required to induce a seizure is unknown. We titrated the amplitude of long stimulus trains (500 pulses) as a means of determining the minimum current amplitude required to induce a seizure with ECT (bilateral, right unilateral, bifrontal, and frontomedial electrode placements) and MST (round coil on vertex) in nonhuman primates. Furthermore, we investigated a novel method of predicting this amplitude-titrated seizure threshold (ST) by a non-convulsive measurement of motor threshold (MT) using single pulses delivered through the ECT electrodes or MST coil. Average STs were substantially lower than conventional pulse amplitudes (112-174 mA for ECT and 37.4% of maximum device amplitude for MST). ST was more variable in ECT than in MST. MT explained 63% of the ST variance and is hence the strongest known predictor of ST. These results indicate that seizures can be induced with less intense electric fields than conventional ECT that may be safer; efficacy and side effects should be evaluated in clinical studies. MT measurement could be a faster and safer alternative to empirical ST titration for ECT and MST.
INTRODUCTION
The characteristics of the electrical stimulus in electroconvulsive therapy (ECT), in conjunction with the seizure propagation and termination processes, are key determinants of the clinical outcome of ECT. Modifications in ECT technique, including briefer stimulus pulses, unilateral electrode placement, and dosing relative to the individual seizure threshold (ST), have improved the side effect profile of modern ECT without sacrificing its unparalleled efficacy. These modifications reduced the intensity and duration of the electrical stimulus and made it more focal (Lee et al, 2012; Peterchev et al, 2010b; Sackeim, 2004; Sackeim et al, 1994) . Nevertheless, a significant proportion of patients receiving ECT still experience adverse effects, which impedes the broader application of this highly effective intervention (Goodman, 2011; Kellner et al, 2010; Semkovska and McLoughlin, 2010; Verwijk et al, 2012) . Furthermore, despite the demonstrated utility of ST titration in improving the efficacy and tolerability of ECT, ST titration still has not been uniformly adopted. This is, in part, due to time and inconvenience, perceived risks of exposing patients to subconvulsive trains (Kim et al, 2007; Lyons and Symon, 2008; Tang and Ungvari, 2001) , as well as the desire to not 'waste' a session with an ineffective threshold treatment. Thus, the field needs improved, practical means to individualize and deliver ECT safely.
Despite the fact that stimulus pulse amplitude is a major driver of the electric field intensity and focality in the brain, it has received surprisingly little attention in dosage optimization. At conventional pulse amplitudes, ECT induces an electric field strength that substantially exceeds the neural activation threshold in most brain structures (Deng et al, 2011; Lee et al, 2014) , resulting in widespread, nonfocal stimulation. This is higher than necessary to induce seizures since ECT studies dating back to the 1940s as well as several small recent studies demonstrated the feasibility of low-amplitude currents inducing seizures (Liberson, 1953; Nahas et al, 2013; Peterchev et al, 2010b; Rosa et al, 2011 Rosa et al, , 2012 . Furthermore, magnetic seizure therapy (MST) elicits generalized seizures with an induced electric field that is substantially less intense and more focal than conventional ECT (Deng et al, 2011 (Deng et al, , 2013 Lee et al, 2014) . After a series of promising case reports and safety and feasibility assessments (Kayser et al, 2009; Kosel et al, 2003; Lisanby et al, 2003a Lisanby et al, , 2001 , the efficacy and side effects of MST were evaluated in two larger studies of 13 patients (Fitzgerald et al, 2013) and 26 patients (Kayser et al, 2015) . In these studies, the response rates were 38% and 69%, and the remission rates were 15% and 46%, respectively. A sub-component of the latter study compared MST with right unilateral (RUL) ECT at 3 × ST in 20 patients, and found no significant differences in efficacy (Kayser et al, 2011) . This study reported low cognitive side effects in both ECT and MST groups, with faster reorientation following MST. In addition to faster reorientation, Lisanby et al (2003a) found significantly superior acute cognitive performance after MST than ECT. Faster reorientation after MST compared with prior ECT treatments was reported as well (Kirov et al, 2008) . Finally, Fitzgerald et al (2013) found no evidence of neurocognitive impairment with MST. Thus, lowering the ECT pulse amplitude may be a valuable means of improving safety further, but questions of optimal dosing remain.
Another drawback of conventional ECT administration is that the pulse amplitude is fixed for all patients. Even when ST is titrated and the dose is set relative to ST, this is done by adjusting the duration and frequency of the stimulus train but not the current amplitude, which does not compensate for the individual variation of the electric field strength in the brain (Peterchev et al, 2010b) . Consequently, individual variation in anatomy results in variable strength and focality of the induced electric field, which could account for some of the differences in side effects and therapeutic efficacy across patients (Deng et al, 2014) . Therefore, individualization of the pulse amplitude in ECT, as well as in MST, could help maintain a consistent electricity exposure of the brain to compensate for individual anatomical differences (Deng et al, 2013; Lee et al, 2013b) .
One approach to individualize the pulse amplitude is by titrating ST with stimulus trains with increasing amplitude (Liberson, 1948 (Liberson, , 1953 Nahas et al, 2013) . This approach, however, has some of the disadvantages of conventional ST titration as it exposes the patients to multiple subthreshold trains and a seizure induction with a threshold stimulus that may be subtherapeutic. Addressing these limitations, we individualize the ECT and MST pulse amplitude by titrating the motor threshold (MT) with a sequence of single pulses delivered through the ECT electrodes or MST coil, respectively. This approach is analogous to MT titration to individualize transcranial magnetic stimulation (TMS; Rossini et al, 1994) and the use of transcranial electric stimulation (TES) for intraoperative monitoring under anesthesia (Macdonald et al, 2013) . Since MT captures individual variability in anatomy and neurophysiology, as well as the effects of the anesthesia, we hypothesize that it predicts the pulse-amplitude-titrated ST in ECT and MST. This approach could provide a novel method of individualizing dose without the need to administer multiple subconvulsive stimuli and without the need for seizure induction at a subtherapeutic dosage.
In this study, we characterize amplitude-titrated seizure induction with both electric and magnetic stimulation in nonhuman primates (NHPs), and test whether MT is a strong predictor of ST titrated in the amplitude domain.
MATERIALS AND METHODS
This study was approved by the Institutional Animal Care and Use Committees of New York State Psychiatric Institute, Columbia University, and Duke University. We previously described in detail methods for NHP models of ECT and MST (Lisanby et al, 2003b; Moscrip et al, 2004) . Additional methodological details are provided as Supplementary Information.
Subjects
The subjects were male Macaca mulatta. Eight subjects participated in the MST condition (age = 12.0 ± 2.8 years, range = 9.0-17.7). A subset of seven of these subjects took part in the bilateral (BL) and RUL ECT conditions (age = 12.3 ± 2.7 years, range = 10.0-16.6), and four of those participated in the bifrontal (BF) and frontomedial (FM) ECT conditions (age = 13.3 ± 2.7 years, range = 11.2-17.8).
The subjects' weight ranged from 8.2 to 16 kg. Before the initiation of this study all subjects had been receiving ECT and MST regularly as part of other studies and piloting.
Design
Five seizure induction conditions were studied in the following order: vertex-round-coil MST, BL ECT, RUL ECT, BF ECT, and FM ECT. These conditions approximated in NHP the corresponding clinical stimulation configurations. One condition was tested per experimental session consisting of MT titration followed by ST titration under anesthesia. Each condition was repeated three times per subject. For each subject, experimental sessions were separated by at least 5 days to minimize carryover effects that could affect MT and ST . Across subjects and stimulation modalities, a total of 90 stimulation sessions are included in the study.
Anesthesia and Monitoring
Anesthesia and monitoring were as described previously . Aside from the pre-intervention sedation, which is not needed with humans, the anesthesia was modeled after the general anesthesia used in clinical ECT and MST to reproduce the underlying physiological state during seizure induction. Briefly, pre-intervention sedation was achieved with ketamine (5-10 mg/kg i.m.) and xylazine (0.35-0.7 mg/kg i.m.). Atropine (0.04 mg/kg i.v.) was administered to reduce seizure-induced secretions, protect the airway, and protect from bradycardia that can result from subconvulsive stimulation. Before seizure titration, methohexital (1 mg/kg i.v.) and succinylcholine (3.5 mg/kg i.v.) were administered for anesthesia and muscle relaxation, respectively. Sedation and anesthesia doses were adjusted based on earlier response, and additional boluses were administered during the procedure as needed. Two channels of BL fronto-mastoid electroencephalography (EEG) and one channel electrocardiography were recorded using a MECTA Spectrum 5000Q ECT device (MECTA Corp., Tualatin, OR).
Electric Stimulation
Thymapad adhesive electrodes (Somatics, LLC, Lake Bluff, IL) were trimmed to 3.5 cm diameter circles for the BL configuration and to 2.5 cm circles for the RUL, BF, and FM configurations. The ECT electrode configurations are illustrated in Figure 1a -d. For the BL and BF configurations, the polarity of stimulation was defined as the polarity of the electrode contralateral to the hand for which the MT was determined. The polarity of RUL stimulation was defined as the polarity of the right temple electrode relative to the electrode near vertex. The polarity of FM stimulation was defined as the polarity of the posterior electrode relative to the anterior electrode.
A DS7AH constant-current stimulator (Digitimer, Welwyn Garden City, Hertfordshire, UK) was used for stimulus delivery for both the TES MT and ECT ST procedures. The pulse width was set to 0.2 ms. To generate ECT stimulus trains, the DS7HA was triggered by an external function generator (Model # 33521A, Agilent, Santa Clara, CA).
Magnetic Stimulation
A MagPro MST device with a 10-cm diameter round coil (MagVenture A/S, Farum, Denmark) was used for both the TMS MT and MST ST procedures. The coil was centered at the vertex of the head, as illustrated in Figure 1e . The coil induced in the head a cosine current pulse with clockwise initial phase direction and a 0.36-ms period. Stimulus intensity was reported as percentage of maximum pulse amplitude (% MA).
MT Titration
MT was determined by delivering single stimulus pulses through the electrodes or coil used in the subsequent ECT or MST condition, respectively. Electromyography was measured from the first dorsal interosseous muscle in both hands for the BL, BF, and FM ECT and MST conditions, but only from the left hand in the RUL ECT condition, as the stimulation is unilateral in the right hemisphere. MT was defined as the minimum stimulus pulse amplitude needed to achieve Z50-μV peak-to-peak motor-evoked potential for at least 5 out of 10 trials (Rossini et al, 1994) . MT was determined for both TES current polarities.
ST Titration
ST, reported in units of milliamperes (mA), was determined by an ascending method of limits titration of the stimulus pulse amplitude. For the stimulation parameters used, ST can be converted to units of charge (mC) by multiplying the current amplitude by 0.1. All stimulus parameters besides the pulse amplitude were held constant. The stimulus train consisted of 500 pulses delivered at 50 pulses per second resulting in train duration of 10 s. Seizures were determined by observing the motor seizure manifestations in the cuffed left arm and EEG activity as a secondary criterion.
Seizure Duration
The motor seizure duration was determined based on observation of motor activity. The EEG seizure duration was determined by inspection of high-frequency polyspike activity in the EEG recording.
Statistical Analysis
The MT and ST data were first analyzed with mixed effects models to determine the effects of stimulation modality, session number, hand (for MT), polarity (for MT), and subject (random effect), as well as modality × session, modality × polarity, and hand × polarity interactions. Separate models were setup for ECT and MST as their measurement units of MT and ST are different and cannot be compared. The subject variance estimates from these analyses were used to calculate the coefficients of variation of MT and ST across subjects. Subsequently, we conducted a multiple regression predictor analysis of ST jointly for ECT and MST. To make the measurement units compatible between ECT and MST, MT and ST were normalized within each stimulation modality by calculating their z-scores, which capture the individual variability within modality. In addition to the normalized MT, the other evaluated predictors were session number, age, and weight as well as their interactions with stimulation modality. The predictors of motor and EEG seizure duration were analyzed similarly with a multiple regression with factors including stimulation modality as well as normalized ST, session number, age, weight and their interaction with stimulation modality. The seizure duration data were log-transformed to reduce the skewness of the distribution (Coffey et al, 1995) . These multivariate analyses were followed up by Tukey's HSD test or Student's t-test to compare specific conditions. Further, we calculated a linear regression of the individual average ST on the individual average MT for each stimulation modality. In this analysis, we averaged MT across the hand and polarity conditions, and averaged MT and ST across sessions. In addition, we calculated the intraclass correlation coefficient (ICC) for MT prediction of ST (Fleiss, 1986; Streiner and Norman, 1995; Van Ness et al, 2008) . The ICC represents agreement between the two evaluation methods-MT titration and ST titration. Using the ICC analysis, we compared ST with MT for each hand and polarity as well as the average MT across hand and polarity.
RESULTS

Safety and Tolerability
The procedures were well-tolerated and the subjects did not experience complications related to the procedures. The post-anesthesia recovery did not exceed 15 min after any session and no post-ictal agitation was observed. There were no cases of asystole or sustained bradycardia requiring intervention.
Motor Threshold
MT could be reliably determined in all subjects for all ECT electrode configurations and for MST. There was neither significant variation across the three sessions (F'so2.18, p's40.142) nor significant interaction between ECT modality and session (F 3,202 = 2.42, p = 0.0673). MT did not differ significantly between the two hands (F'so3.09, p's40.0806; see Supplementary Table 1) . MT was affected by ECT electrode configuration (F 3,202 = 8.44, po0 .0001) and current polarity (F 1,202 = 18.5, po0.0001), as illustrated in Figure 2 . RUL had a higher MT than BL, BF, and FM by 25-35% (p'so0.0001). BL, BF, and FM did not differ significantly in MT (p's40.0523). Anodal stimulation had lower MT than cathodal stimulation for all electrode configurations (po0.0001), with reduction ranging from 5.8% for FM to 14.6% for RUL. There were no significant interactions between polarity and either electrode configuration ( Figure 2 Comparison of motor threshold (MT) across ECT electrode configuration and current polarity. For the BL and BF configurations, polarity refers to the electrode contralateral to the hand for which MT was determined; for the RUL configuration, polarity refers to the temporal electrode relative to the vertex electrode; for the FM configuration, polarity refers to the posterior electrode relative to the anterior electrode. The bars show mean MT and the whiskers show SD. The MTs for the two hands did not differ significantly (see Supplementary Table 1 ) and were averaged together. MT was affected significantly by both electrode configuration (po0.0001) and current polarity (po0.0001). between all ECT modalities (p'so0.01), except between BL and RUL as well as between RUL and BF. For all ECT configurations and for MST, there was a significant variation across subjects of both ST and MT (p'so0.05). Notably, the variation of MT and ST among subjects was higher for electric stimulation than for magnetic stimulation, as illustrated in Figure 4 .
BL
The regression model indicated that within stimulation modality, ST was predicted significantly by only MT (averaged across hand and polarity; F 1 = 186, R 2 = 0.631, po0.0001). In this model, ST was not predicted significantly by session, age, weight, or their interactions with stimulation modality (F'so3.29, p's40.065; for parameter estimates see Supplementary Table 2 ). Figure 5 shows the correlation between individual ST and MT within stimulation modality. ST and MT were averaged across sessions for each subject as session did not have a significant effect. The MT and ST were strongly correlated for all stimulation paradigms (R 2 's40.80, p'so0.02), except for BF ECT (R 2 = 0.55, p = 0.26). BF ECT showed a trend for ST increasing with MT, but the small number of subjects (four subjects) studied with this modality likely reduces the significance of this relationship. The ICCs comparing all of the available MT measures and ST were in the range of 0.60-0.84, indicating moderate to strong agreement between the MT and ST measures (Fleiss, 1986; Streiner and Norman, 1995; Van Ness et al, 2008) . The ICCs for the MTs averaged across hand and polarity are shown in Figure 5 .
Seizure Duration
Representative seizure EEG tracings for one subject and the five stimulation modalities are shown in Supplementary  Figure 1 . Average motor and EEG seizure durations ranged from 17.4 and 16.5 s for MST to 23.7 and 22.3 s for BL ECT, respectively (see Supplementary Table 3 ). The only predictor of seizure duration that was significant for both motor and EEG seizures was age, which was associated with decreased duration (F 1 = 15.9, p = 0.0002; see Supplementary Table 4 ). In addition, the EEG seizure duration was inversely correlated with the individual ST (F 1 = 4.42, p = 0.0394) and was significantly affected by the interaction between session and stimulation modality (F 4 = 2.90, p = 0.0287).
DISCUSSION
We demonstrated that seizures can be induced in NHPs with ECT and MST current amplitudes much lower than in previous studies, and demonstrated for the first time individual dose titration in the pulse amplitude domain for several ECT electrode configurations as well as for MST under standard anesthesia. Furthermore, we introduced a novel approach to predicting ST using MT titration through the ECT electrodes or MST coil without having to induce a seizure. This new procedure for MT determination is the strongest known predictor of ST, explaining 63.1% of its variance in this study. The amplitude-titrated ST and MT both provide a reference for the minimum individual current amplitude, and hence the least intense and most focal stimulation, that can induce a seizure. This is significant because low-intensity, focal stimulation for seizure induction may be safer than conventional ECT paradigms that stimulate directly a large portion of the brain, as seen with MST.
Stimulus Intensity
In this study, seizures were induced with ECT current amplitudes that were only 12-22% of conventional values (800-900 mA). Although the ECT current amplitudes for NHPs are not directly comparable to those for humans, as human heads are of larger size and different anatomy than NHP heads, combining the NHP amplitude-titrated ST data with individual computational models of the electric field induced in the brain (Lee et al, 2013b) shows that the stimulation is substantially more focal than for human ECT with 800 mA (Deng et al, 2011; Lee et al, 2014) . This suggests that the NHP STs would translate to currents lower than 800 mA in humans. Indeed, recent clinical studies have demonstrated seizure induction with currents as low as 400-500 mA (Nahas et al, 2013; Rosa et al, 2011 Rosa et al, , 2012 . Notably, these clinical studies used stimulus trains with relatively few pulses (o160 pulses). In contrast, we titrated ST with a train of 500 pulses, which could further reduce the current amplitude required for seizure induction (Liberson, 1948) . Finally, the ECT pulse width in the NHP study (0.20 ms) was briefer than conventional ultrabrief ECT pules (0.25-0.30 ms); wider pulses would be expected to have lower amplitude thresholds due to the strength-duration relationship (Liberson, 1945; Peterchev et al, 2010b) . Thus, there is converging evidence that seizures can be induced with lower than conventional ECT current amplitude in humans as well. The resultant weaker and more focal electric fields are likely to reduce adverse side effects as evidenced by MST studies in NHPs (Moscrip et al, 2006; Spellman et al, 2008) and humans (see Introduction). However, the degree to which the current should exceed the amplitude-titrated ST to have a robust therapeutic effect, and the optimal selection of the other stimulus parameters, are unknown at present. Although this study did not include stimulation at conventional high, fixed current strength, the range of average total charge (11.2 mC for FM to 17.4 mC for BL) was similar to that found in NHP studies of ECT with 800 mA, 0.5 ms pulses for BL (17-18 mC), and FEAST (14-18 mC) electrode configurations , and somewhat higher than BL ECT with 800 mA, 0.15 ms pulses (8 mC; Lisanby et al, 2003b) . Therefore, while in our study the current amplitude was more than fivefold lower, there was no apparent reduction in the total charge compared with studies with 800 mA. This observation is corroborated by clinical studies of ultrabrief (0.3 ms) RUL ECT, where the ST charge for 800 mA current (22 ± 8 mC; Sackeim et al, 2008) was similar to that for 500 mA current (21.6 ± 4.8 mC; Rosa et al, 2011) . In fact, for some stimulus parameter ranges, the total charge may increase with decreasing current amplitude (Swartz et al, 2012) . The similarity in ST charge among modalities with very different strength and focality of stimulation by virtue of the different stimulus current amplitude supports the view that charge does not capture important dosing tradeoffs in ECT (Peterchev et al, 2010b) .
We observed some significant differences in the amplitude-titrated STs across ECT electrode configurations. Therefore, the optimal current amplitude for various ECT electrode configurations may be different, whereas in present clinical practice the same current amplitude is used with all electrode placements. The FM electrode configuration had the lowest ST, potentially due to low-resistance current paths into the cranium through the orbits. This observation may be important for other ECT electrode configurations with anterior-posterior injected current flow such as FEAST (Nahas et al, 2013; Spellman et al, 2009) . The observed ST variation may be confounded, however, by the differences in train directionality between electrode placements in this study (unidirectional with BL and RUL, and bidirectional with BF and FM) as well as by order effects associated with the sequence of stimulation modality conditions.
Finally, there was no significant effect of session number on the ST. This is in contrast to clinical ECT where ST increases with session number (Sackeim, 2004; van Waarde et al, 2013c) . The most likely explanation for this difference is that our subjects had been receiving ECT and MST regularly before the initiation of this study and, within the study, the different stimulation modality conditions were scheduled without a significant break in between. Therefore, the subjects were effectively near a steady state with respect to seizure induction.
Interindividual Threshold Variation and Stimulus Individualization
In this study, we demonstrated that titrating ECT and MST ST by pulse amplitude adjustment, while keeping all other stimulus parameters fixed, reveals significant interindividual variability of the pulse amplitude required to induce a seizure. This observation is consistent with the understanding that individual anatomical differences (eg, head shape and size, scalp and skull thickness and conductivity) affect the electric field strength in the brain (Deng et al, 2014; Edwards et al, 2013; van Waarde et al, 2013a, b) , and that pulse amplitude individualization can normalize it across individuals, as the electric field strength is directly proportional to the pulse amplitude (Deng et al, 2013; Peterchev et al, 2012) .
We demonstrated that MT can be titrated with the same electrode and coil configuration used for seizure induction. The ability of this MT to explain 63.1% of the ST variance in our study is notable as known predictors of conventionally titrated ST for a given electrode placement explain less than 40% of the variance (Boylan et al, 2000; Chung, 2006; Galvez et al, 2015; Sackeim et al, 1994; van Waarde et al, 2013c) . The strong correlation between MT and amplitude-titrated ST supports the explanation that the interindividual ST variability is influenced by individual anatomical parameters that also affect the MT. This explanation is further supported by our individual electric field models of four subjects from this study (Lee et al, 2013a (Lee et al, , b, 2015 . Therefore, MT titration might be considered as an alternative to the ST titration procedure, which may be safer since it does not entail the administration of multiple convulsive or near-convulsive pulse trains.
After accounting for electrode placement, age is the strongest predictor of conventionally titrated ST, although it explains only 10-30% of the ST variance (Boylan et al, 2000; Chung, 2006; Galvez et al, 2015; van Waarde et al, 2013c) . Amplitude-titrated ST in unanesthetized patients also increases with age (Liberson, 1948) . We did not find, however, a significant relation between age and ST. This is likely because the age range within each stimulation modality in this study was too truncated to detect age effects. Our analysis did not reveal weight as a significant predictor of ST either. This is largely consistent with clinical ECT data (Boylan et al, 2000; Chung, 2006; van Waarde et al, 2013c) , except for a small predictive power of body mass index on BL ECT ST in one study (Chung, 2006) .
The MT titration procedure in this study took a few minutes and was under a different type of anesthesia than the seizure induction. For the practical adoption of MT determination during an ECT or MST procedure, the MT titration should ideally be fast (no longer than a minute) and under the same anesthetic used for the seizure induction, as the patients are anesthetized for a relatively short period of time. This could be accomplished by using more efficient thresholding algorithms (Awiszus, 2003; Götz et al, 2011; Qi et al, 2011) and making the motor-evoked potentials under anesthesia more stable by delivering rapid bursts of 3-5 pulses instead of single pulses during the titration (Macdonald et al, 2013; Szelenyi et al, 2007) .
Finally, the interindividual variability in both MT and ST was larger for ECT than for MST. This observation is consistent with our computational modeling studies and is likely explained by the higher sensitivity to most head anatomical parameters of the electric field induced in the brain by ECT compared with MST (Deng et al, 2014) .
Seizure Duration
We observed inverse dependencies of motor and EEG seizure duration on age, as well as of EEG seizure duration on individual ST, consistent with clinical ECT with conventional dosing strategies (Boylan et al, 2000; Chung, 2002; Coffey et al, 1995; Rasimas et al, 2007) . The reported significant interaction effect of session and stimulation modality on EEG seizure duration may be due to particularly long seizures occurring in arbitrary sessions that are different across the modalities. The lack of effect of weight on seizure duration is consistent with the literature especially when ST is added as a predictor (Boylan et al, 2000; Chung, 2002) . Finally, we did not find significant differences in seizure duration across the stimulation modalities. This is consistent with our previous NHP studies of ECT and MST at conventional fixed, high-pulse amplitude (Cycowicz et al, 2008 (Cycowicz et al, , 2009 Spellman et al, 2009 ). The average seizure durations for threshold and moderately suprathreshold trains in those studies (20-23 s for ECT and 14-24 s for MST) are consistent with our results as well. Therefore, on average, the seizure duration does not appear to have been affected substantially by the lower stimulus pulse amplitude.
CONCLUSIONS
We presented methods to determine the minimum current required to induce a seizure with various ECT and MST configurations. These include ST determination by pulse amplitude titration with a relatively long pulse train as well as a novel method of MT titration, which does not waste a treatment session and may be safer as it does not induce a seizure. Seizure induction with minimum current amplitude minimizes the electric field strength and maximizes its focality for a given electrode or coil configuration and therefore could potentially reduce side effects. It is possible, however, that the current amplitude required for robust therapeutic effect exceeds the amplitude-titrated ST. In a future clinical paradigm, the treatment stimulus amplitude could be set relative to the amplitude-titrated ST or MT based on a scaling factor that, together with the other pulse train parameters, has to be optimized in studies considering both tolerability and efficacy in humans. This work motivates further study of amplitude adjustment as a means of optimizing dosing in clinical ECT and MST.
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